Three types of austenitic stainless steels JK2, JJ1 and JN1 were isothermally aged at temperatures from 600 to 900°C for 10 to 1000 minutes in order to study the microstructural evolution and its effect on the fracture toughness at cryogenic temperatures. The Charpy V-Notch fracture energy at 77 K showed a significant decrease with aging time in JJ1 and JN1 steels because of their higher contents of C and N. In contrast, the fracture energy corresponding to the aged JK2 steel decreased gradually with aging time. The abundant intergranular precipitation of carbides and nitrides seems to be the responsible for the fracture toughness deterioration in the aged JJ1 and JN1 steels. On the other hand, the intergranular precipitation of carbides was less abundant in the aged JK2 steel. The scanning electron microscope fractographs of the CVN test specimens corresponding to the aged JJ1 and JN1 steels showed mainly an intergranular brittle fracture and its fraction increased with aging time and temperature. In general, the presence of a more abundant intergranular precipitation resulted in a more rapid decrease in toughness with aging time.
Introduction
The 300 series austenitic stainless steels have been used for many years in construction of components employed in chemical, petroleum, and nuclear power industries due to its corrosionresistant and mechanical properties [1] . These types of steels also have wide application for cryogenic components, although they were not originally developed for cryogenic use. In fact, a number of cryogenic structures are constructed with 304L or 316L steels [1] . A high level combination of strength and toughness (σ y > 1200 MPa and K IC > 200 MPa m 1/2 ) at cryogenic temperatures is required for components for superconducting magnets of fusion reactors because the components need to sustain large electromagnetic forces. This requirement is beyond the capability of conventional steels. The Japan Atomic Energy Research Institute (JAERI) started the development of new cryogenic structural materials in 1982 [2] [3] [4] . The newly developed steels have been used as structural materials for the Demo Poloidal Coils (DPS). Thick plates are used for coil supports and thin plates for the conduit materials and the cryogenic buffer tank. Most of the components are exposed to thermal cycles during manufacturing due to the welding processes. Additionally, since superconductors such as Nb 3 Al require a reaction heat treatment, the conduit material is also exposed to the heat treatment [3] . As is well known, these thermal processes can promote the intergranular and transgranular precipitation of carbides, nitrides and other phases. The precipitation process in austenitic stainless steel is extremely complex. For example, eighteen different precipitate phases were reported in isothermally-aged type 316 steel [5] . Furthermore, the same authors pointed out that the exposure of this type of steel to relatively high temperatures (about 650°C) resulted in a deterioration of the tensile properties, mainly a loss of ductility.
Simmons et al. [7] studied the precipitation behavior in high-nitrogen austenitic steels at elevated temperatures. They also reported a drastic decrease of impact properties due to the precipitation of Cr 2 N. These precipitates on grain boundaries were the responsible for intergranular fracture because of the reduction of cohesive strength of grain boundaries. This type of microstructure deterioration also decreases the fracture toughness of steels [6] [7] [8] .
In the present work, three types of austenitic stainless steels, JJ1, JN1 and JK2 developed for applications to the superconducting magnets of fusion experimental reactor by JAERI [2] , were selected to study the microstructure evolution in isothermal aging and its effect on fracture toughness, evaluated by the CVN impact test at 77 K. Aging temperatures from 873 to 1173 K and short aging times from 10 to 1000 minutes were selected in order to cover the microstructural evolution, which can be compared to that caused either during the welding process or reaction heattreatment.
Experimental Procedure
Materials used in this work were forged-steel plates of 200 mm thick and their chemical compositions are shown in Table 1 . The solution treatment of JN1, and JJ1 and JK2 was carried out at 1348 and 1323 K, respectively, for 1 hour under an argon atmosphere, and then water-quenched. The aging temperatures and times were 873, 973, 1073 and 1173 K and from 10 to 1000 minutes, respectively. The Charpy V-Notch (CVN) test was conducted at 77 K, following JIS-Z2242 standard [9] . The fracture surface of the CVN tested specimens and microstructure of the aged specimens were observed with a Scanning Electron Microscope (SEM). The scanning electron microscopy (SEM) was used to observe the appearance and fracture surface of tested specimens, as well as the microstructure of steels. The aged samples were prepared metallographically and etched with Vilella´s reagent. The precipitates in the aged samples were extracted electrolitically by dissolution of the austenitic matrix in a solution of 10 vol. %HCl-CH 3 OH at 4 volts. The X-ray diffraction pattern of extracted precipitates was measured in a SIEMENS diffractometer using Kα  Cu radiation. The TEM microanalysis and observation of precipitates were carried out using a JEOL FX2000 microscope at 200 kV, equipped with Energy Dispersion X-ray analysis (EDX) facility. The TEM specimens were prepared by electropolishing in a 5 vol.% perchloric acid-20 vol.% glycerin-75 vol.% ethanol electrolyte at 25 V at room temperature. The SEM/EDX microanalysis of precipitates was also conducted using the extraction replica technique [5] . Results and Discussion  Figures 1 (a) , (b) and (c) show the plots of CVN fracture energy at 77 K versus aging time for the JN1, JJ1 and JK2 steels aged at 973, 1073 and 1173 K, respectively. All the steels showed a monotonotic decrease in the CVN fracture energy with aging time at the three temperatures. It is also evident that the drop of fracture toughness of JN1 steel is always faster than that of JJ1 steel. The fastest drop of fracture toughness occurred in the JN1 steel samples aged at 1173 K. This fact may be attributed to the higher content of C and N in JN1 steel, which can lead to faster kinetics in intergranular precipitation during the aging process, as discussed in a later section. The CVN fracture energy of solution treated JK2 steel was lower than those corresponding to the other two steels. The lowest decrease in the CVN fracture energy was for the aged JK2 steel. Furthermore, the JK2 steel, aged at 1173 K, showed almost no change in the fracture energy with time. for the JN1 steel after solution treating and aging for different conditions. All the JN1, JJ1 and JK2 steels fractured in a ductile manner in the solution treated condition. Intergranular facets were found in all the aged samples, although area fraction of intergranular facets to ductile surface was strongly dependent on aging conditions. The fraction of intergranular brittle fracture increased with aging time and temperature, and seemed consistent with the CVN fracture energy value. Nevertheless, the fracture surface of the JK2 steel, aged at 1173 K, showed almost a complete ductile-fracture mode. Figures 3 (a-f) show the microstructure corresponding to the JK2, JJ1 and JN1 steels aged at 973 and 1073 K for 5 hours. An intergranular precipitation can be observed for all cases. The highest and lowest volume fraction of intergranular precipitates corresponded to the aged JN1 and JK2 steels, respectively, Figs. 3 (a-b) and 3 (e-f). The presence of an intergranular cellular precipitation of Cr 2 N [10] was observed in the JN1 steel sample aged at 1173 K. No intergranular precipitation was practically found for JK2 steel aged at 923 K. Some small transgranular precipitates were present in the JN1 and JJ1 steels aged at 973 and 1073 K for 5 hours, Figs. 3 (a-d) . The volume fraction of transgranular precipitates for the aged JJ1 steel was slightly higher than that of the aged JN1 steel. This tendency became higher with increasing the aging temperature. Almost no transgranular precipitation was observed in the aged JK2 steel. The precipitation of particles was also observed on twin boundaries for the aged JN1 steel. The X-ray diffraction patterns of residues extracted from the JN1, JJ1 and JK2 steels aged at 973 and 1073 K for 5 hours are shown in Fig. 4 . The extracted precipitates of the JN1 steel, aged at 973 and 1073 K for 5 hours, were identified as Cr 23 C 6 and Cr 2 N. The Cr 2 N and Cr 23 C 6 phases were also detected in the aged JJ1 steel. Besides, the presence of the (Fe 2 Mo) η phase was also noted in the samples aged at 1073 and 1173 K. The precipitated particles of JK2 steel were mainly composed of Cr 23 C 6 . According to the chemical composition, shown in Table 1 , the JN1 steel has the highest and lowest contents of interstitial solutes (C and N), and Mn, respectively. This suggests that the highest volume fraction of precipitation for carbides and nitrides must have occurred in this steel. In contrast, the JK2 steel has an interstitial solute content lower than that of the JN1 steel, but it has the highest content of manganese, which maintains nitrogen in solid solution, avoiding its precipitation [5] . That is, it is only expected the precipitation of carbides for this steel. These facts show a good agreement with the above results. Thus, the highest and lowest degradations in fracture toughness for the JN1 and JK2 steels, respectively, were associated with the volume fraction of intergranular precipitation formed during the thermal aging. An abundant presence of intergranular precipitates causes the reduction of cohesive strength of grain boundaries [11] . This is also confirmed by the increase in intergranular brittle fracture as the thermal aging progresses.
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Figure 4. X-ray diffraction patterns of extracted residues for JN1, JJ1 and JK2 steels aged at 973 and 1073 K for 5 hours.
Conclusions
The conclusions of this study are summarized as follows: 1.The thermal aging caused a drastical reduction of fracture toughness for the JN1, JJ1 and JK2 steels, due to the intergranular precipitation of M 23 C 6 and Cr 2 N. The volume fraction of precipitates can be uniquely correlated with reduction of toughness. The fractography of aged CVN impact specimens showed mainly intergranular brittle fracture. 2. The presence of a more uniform and abundant intergranular precipitation resulted in a more rapid decrease in fracture toughness with aging time in the JN1 steel due to its higher content of C and N, compared with the JJ1 and JK2 steels.
